Even with only a few patients at each dosage, it can be seen that this procedure allows good discrimination between doses. (Because of the small number of patients studied, we did not calculate confidence intervals for each mean value.) Some of the patients were also receiving hydrochlorthiazide and hydralazine, these and other commonly prescribed antihypertensive drugs do not interfere with this assay for nadolol.
Improved Determination of Aluminum in Serum by Electrothermal Atomic Absorption Spectrophotometry
Roger L Bertholf,"2 Sue Brown,' Brian W. Renoe,4Michael R. Wills,"3 and John Savory"2
This method for determining aluminum in human serum involves electrothermal atomic absorption spectrophotometry. A longer drying time allows less pre-dilution of the sample, and the method also includes a flush cycle after atomization. Standard-addition methodology is used to eliminate matrix effects and the need for a standard curve. We used this method on serum from 50 normal persons and from 34 patients with chronic renal failure who were on long-term intermittent hemodialysis. The mean normal serum aluminum concentration was 6.1 g/L (CV 2.7%), and values for the patients ranged from 13 to 475 j.g/L.
AdditIonal Keyphrases: reference interval trace elements
The biochemistry and toxicologyof aluminum has been intensely investigated since its etiological role in disorders such as dialysis encephalopathy, osteomalacia, and Alzheimer's disease was suggested over 10 years ago (1, 2 cently been published for determining aluminum in serum by this technique (4) (5) (6) (7) , and most of them share the common features of meticulous attention to avoiding contamination, good sensitivity, a two-stage ashing cycle, and some prior dilution of the serum sample. However, in our hands these methods, unmodified, are unacceptably imprecise. The imprecision we observed was due, we believe, to either incomplete or too-vigorous drying stages, resulting in wide variations in sequential absorbance measurements on a single sample, or matrix interferences that invalidate comparison with an aqueous standard curve. Accordingly, we modified the method of Gardiner et al. (4) , seeking to develop a method that is largely independent of matrix variations and is also reproducible. We describe the resulting sensitive, precise, and rugged method for routine measurement of aluminum in serum, and report a normal reference interval.
Materials and Methods

Instrumentation:
For these analyses we used a Model 5000 atomic absorption spectrophotometer with a Model 500 heated graphite atomizer and an AS4O autosampler (all from Perkin-Elmer Corp., Norwalk, CT 06856). Instrument settings and furnace program are detailed in Table 1 .
Reagents: Standards were prepared by appropriate dilution of a 1 mg/mL (1000 ppm) Certified Aluminum was dispensed into a 10-mL Vacutainer Tube containing no anticoagulant or silicon gel (Becton Dickinson and Co., Rutherford, NJ 07070) and allowed to clot for 20 mm at room temperature. The tube was then centrifuged (10 mm, 2000 rpm) and the serum was transferred to a polypropylene tube and stored at 4#{176}C until analysis. (The longest interval before analysis was four days.)
Blood was also sampled from 34 chronic renal failure patients who were receiving long-term intermittent hemodialysistreatment; these specimens were handled and stored in the same way.
In routine practice, red-top Vacutainer Tubes (Becton Dickinson, cat. no. 6430) and stainless-steel needles were found to introduce negligible aluminum contamination and be adequate for sample collection. However, after 10 or 15 mm has been allowed for clotting, the blood should be centrifuged and the serum immediately transferred to a suitable aluminum-free plastic container for storage. Results may be variable if the serum is allowed to remain longer in contact with glass containers than described above. Aluminum concentration can either increase, due to leEching from the glass wall, or decrease, due to adsorption of alununum, in serum that is allowed to remain in glass containers overnight before assay. The type of glass determined whether results were erroneously low or high.
Specimen handling and precautions:
Serum samples were stored in 17 x 100 mm polypropylene tubes (Falcon, Oxnard, CA 93030) and dilutions were made directly into 2-mL Teflon sampling cups (Perkin-Elmer Corp.) that had been acid-washed for 24 h or longer in 6 mol/L HC1. The polypropylene tubes, acid-washed Teflon cups, and pipette tips (Eppendorf type; Brinkmann Instruments, Inc., Westbury, NY 11590) are negligible sources of contamination.
All glassware was acid-washed by the method described by Moody and Lindstrom (8) , which involves soaking glassware in 6 mol/L HC1, 6 molJL HNO3, and distilled water for one week each.
Procedure: The samples are then analyzed (Table 1 ) and the resulting standard-additions data can then be interpreted either graphically or by using a linear least squares program.
Results and Discussion
The aluminum concentration for serum from the 50 normal subjects (Figure 1 ) ranged from 1 to 12 g/L (mean,
g/L).
Values for the 34 patients ranged from 13 to 475 pgtL. Of these patients, 91% had values greater than 25 g/L;
88% had values greater than 30 j.g/L.
We modified the method of Gardiner et al. (4) for several reasons.
Firstly, a drying temperature of 110 #{176}C failed to dry serum samples completely unless they were diluted with more than a double volume of water before standard additions are made to the three 200-.tL aliquots in our protocol. Dilutions unnecessarily decrease sensitivity. We modified the drying step to allow a quick (10-s) increment to 100#{176}C, followed by a increase during 40 s to 120 #{176}C. These conditions allow even and complete drying of serum samples without the need to slowly program the temperature through the sub-boiling range of ambient to 100 #{176}C. The rapid temperature increase to 700 #{176}C can then be made with no apparent disturbance of the residue by any remaining low-boiling matrix components. Even with the extended drying time, 20 L of sample was often difficult to dry evenly without spattering. Injecting 15 tL of sample alleviated this problem without loss of sensitivity.
Secondly, the precision of the method was improved by adding a 2-s "clean-up" stage at the end of the analytical cycle. We observed that, when duplicate determinations were done, the second result almost always was higher than the first, suggesting some carryover, probably due to the very low flow rate used for purge gas during atomization, which could allow volatilized aluminum to recondense on the tube surface before being flushed out. By holding the temperature at 2700 #{176}C and returning the flow rate of the purge gas to its nominal value of 300 mL/min before the system was finally allowed to cool, we removed the seconddetermination bias and improved precision. Although loss of sensitivitydue to graphite tube deterioration or residue accumulation should be compensated for by our standard additions protocol, we did evaluate the integrity of the tube after multiple runs. We found no significant loss of signal after 70 sequential firings of the tube, using in this test a 100 g/L serum-based standard. The third advantage of our modification rests in our standard-additions methodology. Figure 2 shows the standard additions plot for a serum and aqueous sample. We could not reproduce the agreement observed by Gardiner et Furthermore, linear regression slopes calculated for different serum samples varied by as much as 40%. This variability was observed for serum determined to have low aluminum concentration, as well as serum with above-normal aluminum concentrations, which had been prediluted to fall within the linear analytical range. For these reasons we decided upon a standard-additions methodology. The precision for our method was not quite as good as that reported for other methods, but we were unable to reproduce the precision reported for these methods with our instrumentation. Furthermore, our results suggested that a standard-additions protocol is mandatory for reliable results.
